Plug-flow crystallization (PFC) is a promising candidate to realizing the paradigm shift from batch-to-continuous pharmaceutical manufacturing. While PFC has been recently touted as the ideal continuous crystallizer due to its compact design, proper mixing, and flexible cooling and antisolvent control, it is prone to surface fouling or encrustation. In this letter, a model of encrustation growth and dissolution dynamics coupled with PFC is discussed and a novel method of ON-OFF feedback control of PFC with antifouling control is proposed. The study illustrates a quintessential example of quality-by-control concept, which is complementary to the quality-by-design and essential in ensuring desired control performance and product quality.
I. INTRODUCTION
During plug-flow crystallization (PFC) of an active pharmaceutical ingredient (API), supersaturated API mixture nucleates and sediments onto the reactor's surface [1] , [2] . Over time, this encrust layer grows, consequently increasing the thermal resistance between the tube and reactor wall as well as reducing the product residence time (RT). This in turn leads to diminishing crystal yield and quality and, in the extreme case, stops the manufacturing process by blockage. Furthermore, encrustation constrains the attainable temperature profile within the tube leading to variability in the output crystal size distribution (CSD). This is the most significant bottleneck in an encrustation-dominated PFC, since product consistency is an essential requirement of a continuous pharmaceutical process. In this letter, an antifouling control (AFC) design based on heating and cooling cycle is presented, whereby crystal and encrust growth are periodically alternated with crystal and encrust dissolution. The design leads to a concept of quality-by-control (QbC), in which ON-OFF feedback controllers are utilized to ensure the consistency of the process output despite the unpredictability of the response to fouling. This letter is divided as follows. Section II describes a dynamic model for the encrustation-crystallization process, including mass, energy, and population balances. The effect of encrustation in an optimized PFC without implementation of AFC is described in Section III. This serves as the motivation for the utilization of ON-OFF feedback controllers based on CSD and the presence of encrust coupled with AFC implementation. This letter is concluded with a summary and discussion on future directions in Section IV.
II. ENCRUSTATION DYNAMICS
A model for encrustation in a PFC inspired from the fouling studies of CaSO 4 crystals commonly found in heat exchangers has been described ( Fig. 1) [3] . The encrustation dynamics is summarized in the following:
where :
where δ is the encrust thickness on the reactor's wall, k E is the thermal conductivity ( sat is the solubility within the film layer, and w is the oscillatory mixing velocity [3] . α is the linear expansion coefficient (K −1 ) [5] , T is the temperature difference between the reactor wall and the encrust surface, d p is the mean particle diameter within the encrust, η is the film viscosity (Pa·s), and g is the gravitational acceleration. In addition, k m is semiempirically correlated with the Sherwood number Sh = 0.034Re 0.875 Sc
The encrustation dynamics is coupled with the crystallization dynamics given by the population balance equation (PBE) as follows:
and with the following boundary conditions (B.C.s):
Here, n is the CSD, u z is the mean flow velocity, G is the crystal growth rate, B is the nucleation rate, n seed is the seed CSD, z is the reactor axis, and L is the crystal length axis.
is the flow area within the tube, which changes with time and along the reactor length due to encrustation. R f is the PFC radius, D is the solute diffusivity, ρ L is the bulk liquid density, Re is the Reynold's number, and Sc is the Schmidt number. The encrustation and crystallization dynamics are also coupled with mass and energy transfer equations. The energy balance is divided into three domains, namely, conduction across the reactor wall
, and convection within the tube ( T : r ∈ [0, R f ]). Both the conduction and convection dynamics yield the following set of coupled differential equations within the different domains:
is a dimensionless radial coordinate, which ranges between 0 (r = R i ) and 1 (r = R f ) irrespective of the encrust thickness. Axial symmetry is assumed with h defined as the overall heat transfer coefficient and C p,L the specific heat capacity of the liquid slurry. The B.C.s for the different domains can be summarized as follows: 1) the first-order continuity and identical temperature at the interface between the inner reactor wall and the encrust; 2) the first-order continuity between the rate of heat conduction and heat convection at the interface between the encrust and the tube; and 3) the inlet temperature along the reactor is defined as the feed temperature. The mass balance in turn is given as
where
is the third moment of the CSD and α ν is the volumetric shape factor. ρ E is the encrust density and can be calculated from the encrust void fraction . The resulting encrustation-PBE dynamics is a nonlinear and highly stiff PDE, which is solved using the high-resolution finite volume method [4] . The mass and energy balances are solved via finite differences.
III. FOULING IN OPTIMIZED PFC
The dynamical model suggests that as PFC is optimized for crystal growth, the encrust formation is inevitably enhanced due to a higher supersaturation in the boundary layer (Fig. 2) . A simulation study is performed to illustrate this phenomenon. With the crystal volume mean size (L 43 ), i.e., the ratio of the fourth and third moments of the CSD, used as the objective of the optimization, the optimization problem is formulated as follows: 
Note that the reactor is divided into four equal segments, each associated with its own heat jacket, which are also the decision variables, i.e., T i , i ∈ [1, 4]. Potash-alum system is used During cooling (heating), the temperature of the encrust layer is lower (higher) than that of the tube resulting in higher (lower) solubility in the film layer.
as the model compound for this letter as its crystal kinetics are well known. However, its encrust kinetics are not known and thus, when possible, the parameter values are either taken from previously verified fouling experiments [5] or assumed as in [3] . The compound-specific nucleation, growth, and dissolution kernels are summarized in the following:
The seed is modeled as a normally distributed crystal size density, i.e., n seed = (κ/σ seed
, where κ is a scaling factor, which is determined according to the desired seed mass fraction. Genetic algorithm is the optimization routine of choice, with the initial conditions (I.C.s) set according to the following settings: 1) the tube temperature equals the in-flow temperature; 2) the tube concentration starts at supersaturation; and 3) there is no initial crystal or encrust. As seen in Fig. 3 , while the optimization leads to formation of large crystals (middle), it also results in significant blockage (top), rendering it a batch process. In addition, when the result is compared with crystallization without fouling by removing the encrustation kinetics in the dynamical model, not only is blockage prevented, but the heat transfer dynamics and supersaturation level are reduced such that both the crystal mean size and yield are higher (Fig. 3, bottom) . 
IV. ROBUST ON-OFF FEEDBACK CONTROL
The AFC design divides the multisegment PFC into two symmetric parts, which periodically cycle between cooling and heating regions. Here, the control objective is also to maximize crystal growth but with the additional domainspecific constraints, namely: during cooling, the temperature is optimized for maximization of crystal growth, while during heating, complete encrust dissolution is enforced. The optimization problem can be formulated as follows: (5) 
The bounds of the different temperature segments are chosen such that only growth and dissolution take place in the designated cooling and heating regions, respectively. In addition, the optimization is performed for two cycles with the set of I.C.s obtained from the first run. In the first cycle, the I.C.s are the same as the optimized PFC case but with an initial encrust thickness on the second half-heating regionof the reactor (Fig. 4 , bottom-right). It is important to note that since the temperature profile within the tube cannot be manipulated arbitrarily such that supersaturation is maintained while encrust is dissolving, undersaturation takes place in time in the leading part of the dissolution segment causing the crystal to dissolve (Fig. 4, bottom-left) . Consequently, optimal spatial and temporal cooling and heating temperature profile (Fig. 4 , top-right) must be obtained such that overall crystal growth takes place along the reactor (Fig. 4, top-left) and all the while encrust formation and dissolution are peri- odically cycled between the segments so as to maintain continuous operations. An open-loop AFC implementation, however, means that optimal temperature profile is calculated iteratively at the end of each cycle in order to maintain complete encrust dissolution, maximize yield, and ensure that the product lot is consistently within specifications. In order to avoid this stringent requirement, the periodic tem-FIGURE 6. Response of encrust feedback controller in terms of encrust evolution from cycle-to-cycle in one segment. The controller increases the heating duration in the first cycle as it senses that encrust persists. It subsequently increases the heating temperature in the following odd cycle by a preset constant and reduces the duration of the heating cycle to prevent overdissolution. The next odd cycle uses a temperature profile, which is the midpoint of the previous two heating temperatures. This three-step procedure is repeated.
perature control obtained in the optimization can be coupled with a feedback sensor on the CSD (e.g., a Focused Beam Reflectance Microscopy probe), which determines the period of output stream collection for as long as the product is within the upper (150 µm) and lower bound specifications (100 µm) (Fig. 5) . In addition, an onset encrust sensor (e.g., a gray-scale camera) can be utilized to actively modify the duration and magnitude of the heating action, such that complete dissolution of the encrust occurs without crystal overdissolution (Fig. 6) . Hence, the process can continue indefinitely and with the confidence that the product would always be within specifications.
V. SUMMARY AND DISCUSSION
A novel ON-OFF feedback control of a PFC with AFC implementation is described herein. The feedback controllers, which are based on CSD measurements and encrust sensing, overcome the limitations of the PFC process due to fouling. As a result, encrust is periodically negated and without significant reduction in product quality and consistency. This letter demonstrates an important example of QbC, an essential concept for realizing a truly continuous process.
